Abstract Bismuth containing nanomaterials recently received increasing attention with respect to environmental applications because of their low cost, high stability and nontoxicity. In this work, Bi-Bi 2 O 2 CO 3 heterojunctions were fabricated by in-situ decoration of Bi nanoparticles on Bi 2 O 2 CO 3 nanosheets via a simple hydrothermal synthesis approach. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were used to confirm the morphology of the nanosheet-like heterostructure of the Bi-Bi 2 O 2 CO 3 composite. Detailed ultrafast electronic spectroscopy reveals that the in-situ decoration of Bi nanoparticles on Bi 2 O 2 CO 3 nanosheets exhibit a dramatically enhanced electron-hole pair separation rate, which results in an extraordinarily high photocatalytic activity for the degradation of a model organic dye, methylene blue (MB) under visible light illumination. Cycling experiments revealed a good photochemical stability of the Bi-Bi 2 O 2 CO 3 heterojunction under repeated irradiation. Photocurrent measurements further indicated that the heterojunction incredibly enhanced the charge generation and suppressed the charge recombination of photogenerated electron-hole pairs.
Introduction
Photocatalysis technology has attracted enormous interest because of its potential to soften and release the global energy crisis and environmental pollution [1] [2] [3] [4] [5] [6] . Although various types of semiconductor photocatalyst have been developed, their applications are impeded by a high recombination rate of electron-hole pairs and low efficiency of solar light absorption in the photocatalysis [7, 8] . A tremendous effort has been made to optimize the electronic band structure allowing an efficient electron-hole separation, which has been acknowledged to be a key factor in enhancing solar energy conversion [9] [10] [11] [12] [13] [14] . The development of heterojunction systems has also been understood since it is beneficial for electron transfer to improve electron-hole pair separation, and therefore resulting in an excellent photocatalytic activity under solar light illumination [15, 16] .
Recently, economic and abundant bismuth-containing semiconductors have been attracted large attention for diverse applications, especially in the area of energy conversion and environmental treatment [17, 18, 19, 20, 21] . The bismuth subcarbonate (Bi 2 O 2 CO 3 ) is one of the most interesting semiconductor with a large bang gap of 3.3 eV. It belongs to the layered Aurivillius-related oxide family, consisting of Bi 2 O 2 2? layers sandwiched between two slabs of CO 3 2-layers [22] . However, the use of Bi 2 O 2 CO 3 in light harvesting applications is very limited because it can absorb only UV light. To overcome this drawback, several 3D hierarchical Bi 2 O 2 CO 3 architectures composed of nanosheets, nanoplates and microspheres have been developed [23, 24] . The coupling of Bi 2 O 2 CO 3 with other materials to construct heterojunctions has also been shown as an advantages approach to improve the visible light responsive activity and to facilitate the separation of photogenerated electron-hole pairs. Different low band gap semiconductors and polymers have been used to improve the photocatalytic activity of Bi 2 O 2 CO 3 . Liu et al. constructed hierarchical graphene-Bi 2 O 2 CO 3 composites which exhibit a significantly enhanced visible light photocatalytic performance [25] . Good visible light photocatalytic activity toward the degradation of Rhodamine B was reported by Zhang et al. for n-n heterostructured Bi 2 O 2 CO 3 /Bi 2 WO 6 [26] . Zhou's group reported that PANI decorated Bi 2 O 2 CO 3 nanosheets exhibited a four to half times better photocatalytic activity for degradation of Rhodamine B in comparison to Bi 2 O 2 CO 3 nanosheets under visible light illumination [27] . Recently, p-n heterojunction Ag 2 O/Bi 2 O 2 CO 3 photocatalysts was shown to manifest an excellent visible light activity for degradation of MB and methyl orange [28] .
Recently surface plasmon resonance (SPR) of noble metal nanoparticles (Ag or Au) was reported for improving the activity of semiconductor photocatalysts efficiently [29, 30] . In comparison with the high cost of noble-metals, Bi nanoparticles are inexpensive and show comparable SPR [31] . Recently, two reports on Bi nanoparticles demonstrate that they are useful for catalysis and sensing applications [32, 33] . Dong et al. showed that plasmonic Bi nanoparticles can be used for NO removal [34] . Several Bi nanoparticles based nanocomposites like Bi/BiOCl, Bi/ Bi 2 O 3, and Bi/BiOI exhibit enhanced photocatalytic activity comparing to their counterpart [35] [36] [37] . Recently, Bi nanoparticles based heterojunctions with semiconductor have been an intense research area due to their enhanced charge separation and improved photocatalytic efficacies [38] [39] [40] 3 (denoted as solution A). Meanwhile, 1.6 millimol Na 2 CO 3 and 50 mg CTAB were dissolved in 20 mL ethanol-water mixture (denoted as solution B). Then, solution B was added into solution A under stirring for 30 min at 30°C. The resulting mixture was transferred into a 20 mL Teflonlined stainless-steel autoclave and was placed into an oven to react at 180°C for 6 h. The system was then cooled to ambient temperature naturally. The final product was collected and washed with distilled water and absolute alcohol at least five times. As-prepared samples were dried at 60°C for 6 h. The reductive nature of EtOH and CTAB allowed an in situ formation of Bi nanoparticles on the Bi 2 O 2 CO 3 nanosheet. As a result, a heterojunction structure consisting of Bi 2 O 2 CO 3 sheets and metallic Bi nanoparticles has been produced. For the synthesis of Bi 2 O 2 CO 3 nanosheets we follow a preparation as reported by Zhou et al. [27] .
Characterization Methods
Field emission scanning electron microscopy (FESEM, QUANTA FEG 250) was used to investigate the surface morphology of the samples and samples were performed by applying a diluted drop of samples on a silicon wafer. Transmission electron microscopy (TEM) grids were prepared by applying a diluted drop of the samples to carboncoated copper grids. The particle sizes were determined from micrographs recorded at a magnification of 100,000X using an FEI (Technai S-Twin, operating at 200 kV) instrument. X-ray diffraction (XRD) patterns of the samples were recorded by employing a scanning rate of 0.02°S -1 in the 2h range from 20°to 80°using a PANalytical XPERTPRO diffractometer equipped with Cu K a radiation (at 40 mA and 40 kV). For optical experiments, the steady-state absorption and emission were carried out with a Shimadzu UV-2600 spectrophotometer and a JobinYvon Fluoromax-3 fluorimeter, respectively. Picosecondresolved spectroscopic studies were carried out using a commercial time correlated single photon counting (TCSPC) setup from Edinburgh Instruments (instrument response function, IRF = 80 ps, excitation at 375 nm). The details of experimental setting up and methodology were described in our earlier reports [41, 42] .
Photocatalytic Performance Measurements
The photocatalysis activity of the samples were evaluated in terms of photodegradation of MB which was taken as a model pollutant in water. The photodegradation reaction of MB (initial concentration C 0 = 0.5 9 10 -5 M) was carried out in a 10 mm optical path quartz cell reactor containing 2 mL of a model MB solution with a concentration of 0.5 g L -1 of the photocatalyst in deionized water (DI). The suspension was irradiated with a mercury lamp, k C 400 nm (under visible light) and absorbance data were collected continuously by using a reported setting [4] . The percentage degradation (%DE) of MB was determined by Eq. 1:
where I 0 is the initial absorption intensity of MB at k max = 660 nm and I is the absorption intensity after irradiation.
Photocurrent Measurements
Photocurrent measurements were done in a dye-sensitized solar cell (DSSC) setup [43] . To prepare the working and counter electrodes for the photocurrent responses, FTO glasses were ultrasonically cleaned in soap-suds, deionized water, and acetone, respectively. For preparation of the counter electrode, platinum (Pt) was deposited on the FTO substrates by thermal decomposition of 10 mM platinum chloride (in isopropanol) at 385°C for 30 min. Bi 2 O 2 CO 3 and Bi-Bi 2 O 2 CO 3 were used as the photoelectrode. The two electrodes were placed on top of each other with a single layer of 60 lm thick Surlyn (Solaronix) as a spacer between the two electrodes. A liquid electrolyte composed of 0.5 M lithium iodide (LiI), 0.05 M iodine (I 2 ) and 0.5 M 4-tertbutylpyridine (TBP) in acetonitrile was used as the hole conductor and filled in the inter electrode space using capillary force through two small holes (diameter = 1 mm) predrilled on the counter electrode. Finally, the two holes were sealed by using another piece of Surlyn to prevent a leakage of the electrolyte from the cell. In all our experiments, the active area of the DSSCs was fixed to 1 cm 2 .
3 Results and Discussion Figure 1a shows XRD patterns of the as-synthesized Bi [38, 47] . The selected area electron diffraction (SAED) pattern obtained from the HRTEM images (Fig. 2e, f) demonstrates further the well-crystallinity.
From the EDAX measurement shown in Fig. 2g [18, 27, 31, 48] including HRTEM and EDAX are consistent with our experimental observations. Figure 3a shows UV-Vis absorption spectra of Bi 2 O 2-CO 3 and Bi-Bi 2 O 2 CO 3 . The Bi 2 O 2 CO 3 shows absorption peak at 360 nm and long tail over 800 nm due to scattering of the nanoparticles presented in the solution, which consists with earlier reports [49, 50] heterojunction Bi-Bi 2 O 2 CO 3 , an enhancement of absorption in the visible region was observed due to the presence of Bi nanoparticles, and surface plasmon absorption around 500 nm was found as shown in Fig. 3b . The SPR of nonnoble metal Bi in the near ultraviolet and visible region were reported by different groups [51, 52] . Notably, such absorption enhancement in the visible region is also according to the color change of the samples as shown in the inset of Fig. 3a (Fig. 4) and tabulated in Table 1 . The fluorescence decay of Bi 2 O 2 CO 3 shows two components of 343 ps and 3.5 ns along with an average lifetime of 1.25 ns. After decoration of Bi nanoparticles, the average time of Bi-Bi 2 O 2 CO 3 decreases to 0.70 ns. Thus, the faster component of 50 ps is attributed to the excited state electron transfer from Bi 2 O 2 CO 3 to Bi. The obvious decrease in fluorescence lifetime of the heterostructures suggests that the decoration of Bi nanoparticles on the Bi 2 O 2 CO 3 nanosheets can act as electron sink and therefore contribute to electron-hole separation. Such kind of metalsemiconductor heterojunctions facilitates in a remarkable way of the decline in the recombination of electron-hole pairs and is useful to enhance solar energy utilization [53] [54] [55] .
The photocatalytic activities of Bi 2 O 2 CO 3 and Bi-Bi 2-O 2 CO 3 were evaluated by photodegradation of the model organic contaminant MB under visible light illumination. However, in our case the as-prepared Bi 2 O 2 CO 3 and BiBi 2 O 2 CO 3 have insignificant photocatalytic activity in dark (Fig. 5a ). During the photocatalytic reaction, MB forms a well-known colorless product leucomethylene blue (LMB) [56, 57] as expressed in Eq. 2.
Figure 5a shows changes in MB concentration as a function of time in presence and absence of photocatalysts. With our experimental time window, MB has less than 10% degradation under light illumination in the absence of photocatalysts. In contrast, Bi 2 O 2 CO 3 nanosheets show an enhanced photocatalytic activity and 60% of MB was degraded after 60 min illumination. One can see that presence of Bi nanoparticles on the Bi 2 O 2 CO 3 nanosheets further enhance photocatalytic activity (100%) compared to Bi 2 O 2 CO 3 nanosheets (60%). Figure 5b shows photocatalysis of methylene blue (MB) at different wavelength by Bi 2 O 2 CO 3 . Insignificant photocatalysis at 650 nm (MB absorbance maxima 660 nm) indicates that MB is unable to photosensitize Bi 2 O 2 CO 3 . Thus photocatalysis predominately takes place via sensitization of Bi 2 O 2 CO 3 . In order to find out the effect of the surface on photocatalysis, the Langmuir-Hinshelwood (L-H) kinetics was studied using different concentrations of MB (Fig. 5c ). As shown in Fig. 5d , a significant deviation of the model (solid line) from experimental data is evident. The observation indicates that surface adsorption of the model pollutant plays insignificant role in the photodegradation. In order to investigate the catalytic pathway, we further studied the photocatalytic activity of Bi 2 O 2 CO 3 in the presence of a radical initiator (H 2 O 2 ) and radical quencher (N 2 bubbling) separately (Fig. 5e) . In fact, in the presence of H 2 O 2 under solar light illumination increases generation of OHÁ which eventually increases the photocatalytic activity of Bi 2 O 2-CO 3 for degradation of MB. This demonstrates the role of reactive oxygen species (ROS) in the degradation of MB [58] . The photodegradation efficiency of Bi 2 O 2 CO 3 decreases with N 2 bubbling in the solution, so O 2 primarily acts as an efficient electron trap, leading to the generation of O 2 2 radicals during photocatalytic reaction [59] . From the application point of view, photochemical stability and durability of photocatalysts are significant during photocatalytic reaction [60] . To further test photocatalytic performance of the as-prepared heterojunction Bi-Bi 2 O 2 CO 3 photocatalyst, recycling experiment was carried out under repeated irradiation. Figure 5f shows the repeated photocatalytic activity of Bi- Fig. 6 ). This implies that the heterojunction shows an improved separation of photogenerated electron-hole pairs and can greatly facilitate its photocatalytic activity. There are several reports which indicate that the enhancement in photocatalytic performance can be ascribed to the synergetic effects of many factors, such as hierarchical structure, surface area, interfacial charge transfer, and efficient separation of photoinduced electrons and holes [61] [62] [63] [64] [65] . In the present study, the enhanced photocatalytic performance for the Bi-Bi 2 O 2 CO 3 photocatalyst can be ascribed to the formation of heterojunction between Bi nanoparticles and the surface of Bi 2 O 2 CO 3 nanosheets. Furthermore, the Fermi level of Bi nanoparticles which acts as electron acceptors can be estimated to be about -0.17 eV as calculated by the work function of metallic bismuth of 4.22 eV [66] [67] [68] . Since the Fermi level of metallic Bi (-0.17 eV) is lower than the conduction band of Bi 2 O 2 CO 3 (-1.40 eV) [27] , the photogenerated electrons would probably transfer from Bi 2 O 2 CO 3 to the deposited Bi nanoparticles and therefore promote the separation of photo-generated electrons and holes, effectively. After the separation of electrons and holes, these two kinds of photogenerated charge carriers would be transformed into reactive species that are responsible for promoting photocatalytic activity. Based on the above investigations, a schematic illustration is proposed as shown in Scheme 1.
Conclusion
We successfully synthesized Bi-Bi 2 O 2 CO 3 heterojunction by a one-step hydrothermal method. Detailed spectroscopic investigations reveal that ultrafast photo-induced charge separation in the Bi-Bi 2 O 2 CO 3 heterojunction is conducive for enhanced solar energy conversion. As a potential prototype application, we found enhanced photocatalytic activity of the heterostructure using MB as a model organic contaminant under visible light illumination. The efficient separation of photoinduced electron-hole pairs in the heterojunction was further proved by photocurrent measurement. Moreover, this work not only provides cost effective procedure to prepare efficient photocatalyst with high stability but also opens up a new field for bismuth containing heterostructures with several future applications.
